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Obtaining an unbiased view of the phylogenetic composition and functional diversity within a microbial
community is one central objective of metagenomic analysis. New technologies, such as 454 pyrosequencing,
have dramatically reduced sequencing costs, to a level where metagenomic analysis may become a viable
alternative to more-focused assessments of the phylogenetic (e.g., 16S rRNA genes) and functional diversity of
microbial communities. To determine whether the short (~100 to 200 bp) sequence reads obtained from
pyrosequencing are appropriate for the phylogenetic and functional characterization of microbial communi-
ties, the results of BLAST and COG analyses were compared for long (~750 bp) and randomly derived short
reads from each of two microbial and one virioplankton metagenome libraries. Overall, BLASTX searches
against the GenBank nr database found far fewer homologs within the short-sequence libraries. This was
especially pronounced for a Chesapeake Bay virioplankton metagenome library. Increasing the short-read
sampling depth or the length of derived short reads (up to 400 bp) did not completely resolve the discrepancy
in BLASTX homolog detection. Only in cases where the long-read sequence had a close homolog (low BLAST
E-score) did the derived short-read sequence also find a significant homolog. Thus, more-distant homologs of
microbial and viral genes are not detected by short-read sequences. Among COG hits, derived short reads
sampled at a depth of two short reads per long read missed up to 72% of the COG hits found using long reads.
Noting the current limitation in computational approaches for the analysis of short sequences, the use of
short-read-length libraries does not appear to be an appropriate tool for the metagenomic characterization of

microbial communities.

Sequence polymorphism analysis of discrete genes within
environmental samples has revolutionized our view of the di-
versity and the composition of microbial communities. Since it
was first proposed as a universal phylogenetic marker of life on
earth (29), sequence analysis of the small-subunit rRNA gene
has become the gold standard for the assessment of microbial
diversity within environmental samples. Today, a plethora of
techniques for the assessment of microbial species richness and
evenness are based on sequence polymorphism within this
single gene (see reference 9 for a review). More recently, the
conceptual approaches developed for the analysis of 16S
rRNA gene microbial diversity have been applied to functional
genes involved in chemical transformations critical to the car-
bon (e.g., RuBisCo [6]), nitrogen (e.g., NifH [31]), and sulfur
(sulfite reductase [18]) cycles. These analytical approaches
have revealed a significant diversity of microorganisms that are
capable of mediating the chemical transformations that main-
tain global biogeochemical nutrient cycles. Despite the ex-
traordinary view of microbial taxonomic and functional diver-
sity that single-gene approaches provide, these approaches
have two significant limitations, namely, the inability to provide
a picture of the broader genomic context of a given gene of
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interest and the requirement of prior sequence information
necessary for the design of oligonucleotide PCR primers and
probes.

The ideal technique for the assessment of microbial diversity
would circumvent the need for selective PCR amplification and
provide sequence information of sufficient length to discern
connections between the taxonomy and physiology of every
microbe within the community. At present, high-throughput
sequencing applied to whole-microbial-community DNA, a
collective suite of techniques known as microbial metagenom-
ics, is the only approach capable of nearing this holistic view of
the taxonomic and functional diversity within extant microbial
communities. To date, microbial metagenomic investigations
of marine ecosystems have revealed the enormous diversity of
potentially photoheterotrophic prokaryotes in the Sargasso
Sea (27) and the pervasiveness of cyanophages within the eu-
photic zone of the pelagic ocean (8). Sequencing of small-
insert shotgun libraries of microbial community DNA from
low-pH acid mine drainage (AMD) environments (26) and the
symbiotic microbial flora of a gutless marine oligochaete (30)
have enabled the nearly complete assembly of microbial ge-
nomes without the necessity of cultivation. Although signifi-
cantly smaller in overall scale, shotgun sequencing of viral
DNA within environmental samples has revealed that commu-
nities of double-stranded DNA viruses are very diverse (3, 5)
and contain an extraordinary amount of novel sequence (2).

To date, most metagenomic investigations have adapted
whole-genome shotgun sequencing approaches to the cloning
and sequencing of microbial community DNA collected from
environmental samples. In this approach, small-insert DNA



1454 WOMMACK ET AL. APPL. ENVIRON. MICROBIOL.

A 1 Chesapeake Bay Virioplankton

920
80
70
60
50
40
30
20
10

0

-104
-204
-304

-404

-504

B 100
9 Acid Mine Drainage

80
70
60
50
40
30
20

% BLAST-positve reads

-204

-304

-404

-504

-604

-704

Log Median BLAST E-Score

-80.

o Sargasso Sea

. Frequency of BLAST-positive reads
|:| Median E-score of BLAST-positive long reads
80 with a BLAST-positive short read

-90 .I Median E-score of BLAST-positive long reads
-100 without a BLAST-positive short read

T T J T
< ¢ & «* &

s® & o° Random short reads per
& & original long read



VoL. 74, 2008

clone libraries are analyzed using Sanger dideoxy chain termi-
nator sequencing (22) to yield DNA sequence libraries con-
sisting of sequence reads ranging from ca. 600 to 900 bp in
length with accuracies exceeding 99.97%. The limitations of
this approach are the overall cost of sequencing and the po-
tential biases introduced in constructing clone libraries. Re-
cently, a novel sequencing-by-synthesis technology, 454 pyro-
sequencing, was introduced which dramatically lowers the
per-base pair cost of sequencing and circumvents the need for
clone library construction (17). Prior metagenome investiga-
tions utilizing 454 pyrosequencing obtained ca. 25 to 40 Mb of
DNA sequence data per analytical run at a single-read accu-
racy of ~98% (1, 10). While the benefits of this technology
are substantial and have already proven it to be a useful
advance for whole-genome sequencing approaches (13), its
limitations are lower individual read accuracy and signifi-
cantly shorter read lengths (100 to 200 bp) than for Sanger
dideoxy sequencing.

Nevertheless, the lower cost, avoidance of potential cloning
biases, and large amount of sequence generated in a single run
would appear to make 454 pyrosequencing the ultimate ap-
proach for metagenomic analysis of microbial communities. To
date, this approach has been applied to analyses of microbial
communities within low-pH AMD environments (10), the
mouse (25), and virioplankton communities of four oceanic
provinces (1). In the particular case of metagenome analysis of
marine virioplankton communities by 454 pyrosequencing,
only a small fraction of sequence reads (>10%) showed sig-
nificant BLAST homology to sequences within organismal
(GenBank nt/nr) and environmental (GenBank env_nt/
env_nr) sequence databases combined. In contrast, the fre-
quency of BLAST homologous sequences within Sanger-based
metagenome sequence libraries of double-stranded DNA viral
communities is typically around 60%, with half of these se-
quences showing homology to only environmental sequences
(2, 11). The substantially lower BLAST homolog frequency
within virioplankton metagenome sequence libraries ob-
tained through 454 pyrosequencing prompted this analysis to
determine whether low BLAST homolog frequency is a gen-
eral property of short-read microbial metagenome sequence
data. In addition, metagenomic sequence read data sets (long
or short) are highly fragmented and cannot be assembled ef-
ficiently with the current bioinformatics tools available. These
poor-quality assemblies have led scientists to perform read-
level analysis of these data sets.

MATERIALS AND METHODS

Data sets. (i) Chesapeake Bay virioplankton metagenomic data. Virioplank-
ton DNA was extracted from a viral concentrate obtained from 50 liters of
Chesapeake Bay water. A metagenomic library (insert size, 1 to 2 kb) was
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constructed in vector pSMART as previously reported (for an example, see
reference 14). A total of 6,407 Sanger sequencing reads were obtained.

(ii) AMD metagenomic data. A multi-Fasta file containing the trimmed Sanger
sequence of 125,183 reads from the AMD project (26) was provided to us by Jill
Banfield.

(iii) Sargasso Sea metagenomic data. The Sanger random shotgun sequencing
data (1,667,992 reads) (27) was obtained from the Venter Institute in the form
of a multi-Fasta file. Sequences homologous to sequences of Burkholderia spp. or
Shewanella spp. were removed from the Sargasso data set, as the overrepresen-
tation of these sequences is believed to be the result of shipboard contamination
of the original metagenome sample (7, 16).

A total of 1,000 reads (>600 bp) were randomly selected from each metage-
nome sequence library. This subset of 1,000 sequences was considered the long-
read reference library for all subsequent comparisons. The average read lengths
for these data sets were 681 bp, 812 bp, and 877 bp for the Chesapeake Bay,
AMD, and Sargasso Sea metagenomes, respectively.

Short-read data simulations from long-read reference libraries. (i) Tiled-and-
overlapping short reads. A set of 100-bp fragments tiled over the entire length
of the long read (>80 bp) and overlapping by 20 bp was generated for each of the
1,000 long reads. In this case, there were averages of 7.6, 9.6, and 10.4 short reads
for each long-read sequence in the Chesapeake Bay, AMD, and Sargasso librar-
ies, respectively (Fig. 1). This data set represented the ideal case of oversampling
that is often generated with short-read sequencing methodologies.

(ii) Multiple random short reads. One-hundred-bp fragments were randomly
and independently selected up to six times from each long read. Six data sets
were constructed, each containing from one to six random short reads per
long-read reference sequence. Increasing the number of short reads sampled per
long read simulated the real-world situation of oversampling, albeit with less bias
than the first set. In addition, the set containing only one short read per long read
was independently replicated six times to simulate the lack of oversampling that
would be obtained from an environmental sample containing a diverse range of
microorganisms or viruses.

(iii) Increased lengths of short reads. To simulate the effect of longer read
length, the first 150, 200, 250, 300, 350, and 400 bp of each of the 1,000 long-read
sequences were sampled and used in six independent analyses.

BLAST analysis. Each data set (long reads and short reads) was analyzed with
NCBI BLASTX (version 2.2.13) against the GenBank nr database (February 8,
2006 release). The output was collected in XML format and analyzed as de-
scribed below. An E-score (expect value) cutoff of 1073 or 10~ was applied, and
the top five hits were collected (options: blastall -p blastx -v 5 -b 5 -e 1e-3 -m 7).

(i) BLASTX output analysis. For each sequence, the top BLASTX hit with an
E-score of <1072 (all short reads, 100 to 400 bp) or E-score of <10~ (long
reads) was collected, generating two files that were further analyzed indepen-
dently. The hit rate (total hit/total query reads) was calculated for each cutoff.
Information on the subject sequence length, hit description and GenBank ac-
cession number, hit length, and hit E-score was collected for each positive
BLAST result.

(ii) Comparative analysis of BLASTX results between long-read and short-
read data sets. BLASTX results were compared for each long-read reference
sequence and its corresponding short read(s) to estimate the level of concor-
dance between the two data sets. When both sequences hit the same GenBank
nr sequence (i.e., same GenBank accession number), the protein homolog of the
short read was considered to be the same as that of the long read. When the
BLASTX hit for the short read was different from the long read, the results were
examined to decide if both hits were similar. For the tiled-and-overlapping and
the multiple-short-read data sets, the BLASTX results for each set of short reads
and their originating long read were compared. If one or more of the multiple
short reads had a BLASTX hit similar to that of the long read, this was scored
as an agreement between the two data sets. The total number of positive agree-
ments was expressed as a percentage of the number of original long reads (e.g.,

FIG. 1. Long- and short-read BLAST homolog hit frequency for increasing levels of short-read sampling. (A) Chesapeake Bay virioplankton
metagenome sequence data (average long-read length, 681 bp). (B) AMD microbial metagenome sequence data (average long-read length, 812
bp). (C) Sargasso Sea microbial metagenome sequence data (average long-read length, 877 bp). Black bars show frequency of significant BLASTX
hits for each sequence category. Significance levels were E-scores of <1075 and E-scores of <107 for long and short reads, respectively. Light
gray bars show median E-scores of BLAST-positive long-read sequences for which at least one derived short read also had a BLAST hit. Dark gray
bars show median E-scores of the long-read hits for which no derived short reads were BLAST positive. For the overlapping-short-read experiment,
the average numbers of short reads per long read were 7.6, 9.6, and 10.4 for the Chesapeake Bay, acid mine, and Sargasso libraries, respectively.
The data for average single short reads are the means of the results of six independent experiments.
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if 103 positives were scored, the percent hit rate for the short-read data set was
reported as 10.3% [103/1,000 long reads]). Alternatively, when the short reads
did not have a BLASTX hit but the originating long read did, this was expressed
as a percentage of the total number of BLASTX hits for the long-read reference
library (e.g., out of the 373 BLASTX hits to long-read sequences in the Chesa-
peake Bay virioplankton data set, 250 were not found in the short-read data set,
yielding a 71% [250/373] miss rate for short-read sequences).

(iii) Estimate of the quality of homologs missed by short reads. To determine
whether the tendency for short- and long-read sequences to find the same
BLASTX homolog was randomly distributed among the population of BLASTX-
positive long reads, the median E-score of the originating long-read sequences
was determined for the two instances described above (i.e., agreement between
short and long reads and no hit for the short read but a hit for the originating
long read) (Fig. 1 and 2).

(iv) Estimate of the amount of informative sequence. The total number of base
pairs of information was estimated by summing the lengths of all reads within a
data set that had a significant BLASTX hit to the GenBank nr database. For the
tiled-and-overlapping short-read data set and the data sets which consist of
multiple short reads per long read, the total number of BLASTX-positive se-
quences was used, irrespective of whether multiple short reads hit the same
GenBank entry.

(v) Functional annotation. A functional distribution analysis of the BLASTX
hits and misses was generated by comparing the protein sequences of the hits
from each long-read data set to the database of Clusters of Orthologous Groups
of proteins (COG) version 2, which consists of 138,458 proteins forming 4,873
COGs from 66 unicellular genomes (24). For each long-read data set, we col-
lected from GenBank the protein sequence of each top BLASTX hit. These
proteins were compared to the COG database using NCBI BLASTP (options:
blastall -p blastp -v 5 -b 5 -e 1e-3 -m 7). The output allowed the assignment of
each protein to a functional category. The results were reported as the
percentage of the total proteins for each category. To analyze the functional
annotation of the proteins for which the long reads had homology but which
the short reads missed, these missed proteins were analyzed as described
above and the functional distribution of these proteins was compared to that
of all the long-read hits.

RESULTS

Several treatments were applied to a randomly selected,
1,000-sequence subset of each of three long-read metagenome
sequence libraries. Each treatment was designed to simulate
various scenarios for sampling a microbial or viral metage-
nome using high-throughput short-read sequencing ap-
proaches. To account for the lower BLAST expect value that
occurs with shorter regions of homology, short reads were
considered BLAST-positive at an E-score of <1073, while a
significance cutoff of an E-score of <10~ was used for long
reads. The high E-score of a <102 significance cutoff has been
used in previous analyses of short-read metagenome sequence
data (10, 21).

Viral assemblages are genetically divergent. For the subset
of 1,000 long-read sequences of each metagenome, the fre-
quencies of BLASTX homologs were 87, 83, and 37% for the
Sargasso and AMD microbial and Chesapeake Bay virioplank-
ton metagenomes, respectively. These values are reflective of
those seen in the larger sequence data set, validating the sam-
pling approach used in this study. The quality of BLASTX
alignments, as determined by the log converted median E-
score of BLASTX-positive sequences, was highest for the Sar-
gasso Sea sequences (log median E-score of —56), lowest for
the Chesapeake Bay virioplankton (—16.6), and intermediate
for the AMD subsample (—39) (Fig. 1 and 3). Again, these
values were similar to those of the larger data set and are an
indication that bacterial sequences from the Sargasso Sea are
genetically closer to known bacterial sequences within the
GenBank nr database than are bacterial sequences within the

METAGENOMICS: READ LENGTH MATTERS 1457

AMD metagenome. Together, the dramatically higher log me-
dian E-score and low BLASTX hit frequency for the Chesa-
peake Bay virioplankton sequences confirm that known viral
genes within GenBank poorly represent the genetic diversity
present within autochthonous communities of marine viruses.

Most long-read BLAST homologs are missed by a single,
randomly selected short read. An in silico experiment in which
a single 100-bp fragment was randomly selected from each long
read and then subjected to BLASTX homology searching was
repeated six times. The averages * standard deviations of
BLASTX hit frequency for short reads across each of these
experiments were 35% * 1.8%, 20 * 3.4% and 6 = 0.7% for
the Sargasso and AMD microbial and Chesapeake Bay virio-
plankton metagenomes, respectively (Fig. 1). In all cases, the
originating long-read sequence was also BLASTX positive, and
the average log converted median E-scores of the BLASTX
alignments for these long reads were —101 = 4.4, =70 £ 3.5,
and —55 = 7.5 for the three libraries, respectively. These log
converted median E-scores were substantially lower than the
overall values for the long-read sample libraries, indicating
that short-read sequences preferentially find highly similar se-
quences within the subject database.

Alternatively, for the majority of BLASTX-positive long-
read sequences, the derived short reads did not find a BLAST
homolog. The miss frequency for short-read experiments (Fig.
2 and 4) was the ratio of BLASTX-positive long-read se-
quences with no corresponding BLASTX-positive derived
short reads to the total number of BLASTX-positive long-read
sequences. Overall, the short-read sequence libraries missed
60% *+ 0.02%, 76% =+ 0.04%, and 85% = 0.02% of the BLAST
homologs found by long-read sequences in the Sargasso,
AMD, and Chesapeake Bay data sets, respectively (Fig. 2).
The corresponding average log median E-scores for the missed
long-read sequences were only slightly higher (—41 = 1, —30 =
1.7, and —15 = 0.3) than the overall values for each of the
long-read subsample libraries (Fig. 1). Thus, short reads
tended to miss more-distant genetic homologs that were found
using long-read sequences.

All levels of short-read sampling miss BLAST homologs
found with long reads. To examine the effect of increasing the
short-read sampling depth, a series of in silico experiments
were performed in which the number of randomly sampled
short reads was increased stepwise from two to six per long-
read sequence. An additional experiment was also performed
in which short reads were tiled with a 20-bp overlap across each
long-read sequence. This case reflects an idealized oversam-
pling of genetic sequences within a metagenome. For the Sar-
gasso data, the BLASTX hit rate across the two- to six-short-
read series increased from 46 to 65%, while the miss rate (i.e.,
instances where short reads did not find a BLASTX homolog
but the originating long read did) dropped from 47 to 25%
(Fig. 1C and 2C). The largest percent rise in the hit rate and
fall in the miss rate occurred at between one and two random
short sequences per long-read sequence. Each step increase in
the short-read sampling rate resulted in ever smaller improve-
ments in BLAST homology searches. The idealized case of
tiled-and-overlapping short reads for each long-read sequence
had the highest hit rate (72%) (Fig. 1C), yet 17% of the
BLASTX homologs found with the long sequences were
missed by the short reads (Fig. 2C). The miss frequency of
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short reads in the tiled-and-overlapping experiment means that the homology-finding capability of short reads is limited ulti-

none of the derived short reads from a given sequence had mately by their length, not by the overall sequence coverage of
significant (E = 10~>) homology to a sequence in the subject the short-read library.
BLAST database. The results of this experiment illustrate that A similar trend of increases in the hit rate and decreases in

FIG. 3. Long- and short-read BLAST homolog hit frequency for random derived read lengths between 150 and 400 bp. (A) Chesapeake Bay
virioplankton metagenome sequence data (average long-read length, 681 bp). (B) AMD microbial metagenome sequence data (average long-read
length, 812 bp) (C) Sargasso Sea microbial metagenome sequence data (average long-read length, 877 bp). Black bars show frequency of significant
BLASTX hits for each sequence category. Significance levels were E-scores of <107 and E-scores of <1072 for long and short reads, respectively.
Light gray bars show median E-scores of BLAST-positive long-read sequences for which at least one derived short read also had a BLAST hit.
Dark gray bars show median E-scores of the long-read hits for which no derived short reads were BLAST positive
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the miss rate with increasing short-read sampling levels was
also seen in the AMD and Chesapeake Bay data sets (Fig. 1A
and B and 2A and B). However, as with the single-read
experiment, the magnitude of the miss rate at all levels of
short-read sampling was highest for the Chesapeake Bay
virioplankton sequences. In the tiled-and-overlapping ex-
periment, nearly 60% of the hits found with long-read Ches-
apeake Bay virioplankton sequences were missed by the
short reads (Fig. 2A).

Short reads tend to miss genetically distant sequences. De-
spite increasing levels of sampling, derived short reads consis-
tently failed to detect more-distant BLASTX homologs (higher
E-score) of long-read sequences. Here, two cases are consid-
ered: (i) the median E-score of long-read BLASTX-positive
sequences for which at least one derived short read also had a
BLAST hit (match); and (ii) the median E-score of long-read
hits for which no derived short reads were BLASTX positive
(miss). Across all three metagenomes, as the level of derived
short-read sampling increased, so did the long-read median
E-scores for both matches and misses (Fig. 1). The increases in
the long-read median E-scores for match and miss cases were
greatest for the Sargasso Sea data set. From a sampling depth
of one to a sampling depth of six short reads per long read, the
median E-score increased by ca. 16 logs for both matches and
misses. These increases in the median E-score rose to 26 and
23 logs for matches and misses, respectively, across the one-
short-read to tiled-and-overlapping short-read sampling gradi-
ent. While the idealized short-read oversampling experiment
improved BLAST homolog discovery, many significant hits
were missed, as the median E-score for the 149 missed Sar-
gasso Sea long reads in the tiled-and-overlapping experiment
was 2 X 10~ '® (Fig. 1C). In contrast, increased levels of short-
read sampling within the AMD and Chesapeake Bay libraries
led to only slight increases in the median E-score. For the
one-short-read to tiled-and-overlapping short-read sampling
gradient, the match and miss median E-scores increased by
~10 logs in the AMD library, with a dramatic jump of 8 logs in
the match score between the six-short-read and the tiled-and-
overlapping sampling (Fig. 1b). This same sampling gradient in
the Chesapeake Bay library produced a 9-log increase in the
match median E-score but only a 3-log increase in the miss
median E-score (Fig. 1A). This relative lack of change in the
miss median E-score for the Chesapeake Bay library reflects
the fact that, for a proportion of BLASTX-positive long-read
sequences, no level of short-read sampling is capable of de-
tecting sequence homologs.

Long-read metagenome libraries yield more-informative se-
quence. Each BLAST sequence homolog within a metagenome
library can be viewed as a component piece of information
necessary for describing the phylogenetic and functional diver-
sity within a microbial community. The amount of information
contained within each long-read and derived short-read meta-
genome library was quantified by summing the total sequence
length of BLASTX-positive sequences (Fig. 2). The signifi-
cantly higher BLASTX hit rates and longer read lengths of the
AMD and Sargasso 1,000-read-subsample libraries resulted in
676 and 760 kb of informative sequence, respectively (Fig. 4B
and C). In contrast, less than half this amount of information
(254 kb) was derived from the Chesapeake Bay virioplankton
subsample library (Fig. 4A). The rate at which informative
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sequence was gained with increasing levels of short-read sam-
pling differed sharply between the libraries and reflected the
poor representation of viral sequences within GenBank. For
the Chesapeake Bay virioplankton library, only 5.9 kb of in-
formative sequence was gained for each step increase in the
number of 100-bp short-read samples from each long read
(Fig. 2A). In contrast, 36 and 20.5 kb of informative sequence
per short-read sampling were gained for the Sargasso and
AMD libraries, respectively (Fig. 2B and C). The bacterial and
viral libraries also differed when the short-read match fre-
quency and the ratio of long- to short-read informative se-
quence were compared. For the Chesapeake Bay virioplankton
library, the match frequency and short- to long-read informa-
tive sequence ratio were very similar (Fig. 2A); however, for
the AMD and Sargasso libraries, the match rate was more than
double the informative sequence ratio. In the case of the Sar-
gasso library, the relatively high short-read match rate of 65%
in the six-short-read sampling experiment yielded only 28%
of the informative sequence found through long reads
(Fig. 2C).

Short reads (=400 bp) miss a significant amount of the
BLAST homologs found with long reads. The current average
read length obtained through pyrosequencing (17) technology
is ca. 100 bp; however, improvements to the technology have
increased the average read length to ca. 200 bp. Read lengths
of up to 500 bp have been achieved in the laboratory, but a
commercially available instrument capable of producing such
reads is at least two generations in the future (12). To test the
efficacy of future improvements in pyrosequencing technology,
simulations were run in which the sampling rate (i.e., the num-
ber of derived short reads from each long read) was held to 1,
while the length of the random derived short reads was in-
creased from 150 to 400 bp. For all short-read lengths, the
frequency of BLAST-positive sequences was less than that for
long reads (Fig. 3). In the case of the 400-bp short reads, the
short-read miss rates were 21%, 17%, and 8% for the Chesa-
peake Bay virioplankton, AMD, and Sargasso libraries, respec-
tively (Fig. 4). Similar to the results of the short-read sampling
rate experiments, none of the short-read-length scenarios
tested were capable of detecting all of the BLASTX homologs
found with the original long-read sequences. Increasing the
short-read length improved the match frequency with long
reads which had lower quality (higher E score) BLAST homol-
ogy (Fig. 3).

Longer short reads (150 to 400 bp) are better than higher
sampling depth with 100-bp reads. It is interesting to note that
the recent improvements in pyrosequencing technology (i.e.,
~200 bp) improve the BLASTX miss rate to a level nearly
equal to that found in the tiled-and-overlapping experiment
(Fig. 2 and 4). This effect is most pronounced for the Chesa-
peake Bay virioplankton library, where the miss rates were
43% for the 250-bp reads and ca. 60% for the tiled-and-over-
lapping short-read sampling experiment (Fig. 2A and 4A).
Thus, high levels of 100-bp sampling within a viral or bacterial
community will not yield as much information as lower cover-
age using 250-bp sequences. The improvements in homolog
discovery by using increasingly longer sequences were most
pronounced for the Chesapeake Bay virioplankton library,
where the miss frequency of the 400-bp sequences was fivefold
lower than that of the 100-bp reads. For the Sargasso and
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AMD libraries, the improvements were more modest, at 2.3-
and 3.4-fold, respectively (Fig. 4). Dramatic differences in the
acquisition of informative sequence with increasing short-read
length were readily apparent between the microbial and viral
metagenome sequence data. For the AMD and Sargasso li-
braries, ~35 kb and ~41 kb, respectively, of informative se-
quence were added for each 50-bp increase in short-read
length, whereas less than half this rate was seen for the Ches-
apeake Bay virioplankton sequences (Fig. 4). Here again, the
slower rate is a result of the overall low BLAST homology
frequency for environmental viral sequences.

Short reads miss whole gene function classes within a
metagenome library. To determine whether biases occurred
among the types of protein groups detected with short-read
sequences, the distribution of COGs among BLAST-positive
long-read sequences was compared to the match frequency of
short-read sequences. Among the three libraries, the Chesa-
peake Bay virioplankton contained the highest frequency of
BLAST-positive sequences for which no COG could be as-
signed (see Fig. S1 to S3 in the supplemental material). For the
AMD and Chesapeake Bay libraries, none of the 100-bp sam-
pling levels was capable of detecting all COGs detected with
long-read sequences (see Fig. S1 and S2 in the supplemental
material). With the exception of those for replication, recom-
bination, and repair (35 sequences) and nucleotide transport
and metabolism (11 sequences), most COGs were rare within
the original set of long-read Chesapeake Bay virioplankton
sequences. For these two COGs, no level of sampling captured
all of the BLAST homologs found with long-read virioplankton
sequences. At a level of two random 100-bp reads per long
read, nearly all COGs detected in the long-read Sargasso li-
brary were also detected at least once by derived short reads.
Nevertheless, (with the exception of two rare COGs, for cell
motility and cytoskeleton), at the highest sampling rate (six
short reads per long read), the per-COG short-read match
frequencies were ca. 75% or less for the Sargasso metagenome
data (see Fig. S3 in the supplemental material). This match
frequency is similar to that seen for the entire data set at a
derived short-read sampling rate of 6 (65%) (Fig. 2) and indi-
cates that, for this microbial community, short reads would
have missed all protein groups with similar frequency.

Increasing short-read length improves detection of gene
function classes. Similar to the global analyses of BLAST ho-
molog frequency, longer single short reads (150 to 400 bp)
performed better at detecting COGs than high levels of sam-
pling with 100-bp reads. For all three libraries, the entire set of
COGs detected with long reads were also detected with single
short reads of 150 bp (AMD and Sargasso) or 300 bp (Ches-
apeake Bay). Within the Chesapeake Bay data set, 74 to 91%
of the BLAST homologs within the two most common COGs
were detected with a single short read of 300 bp. Not surpris-
ingly, the highest match frequencies across COGs were seen
for the 400-bp derived short reads from the Sargasso Sea
sequences, yet only 5 of the 22 COGs were matched with 100%
frequency by the 400-bp derived sequences (see Fig. S3 in the
supplemental material). For the AMD library, short-read
match frequencies of 100% to a given COG (cell motility) only
occurred at the 400-bp short-read length (see Fig. S2 in the
supplemental material).
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DISCUSSION

Based on prior information (21), the underlying assumption
of these analyses was that the original long-read sequences
would find significantly more BLASTX homologs than short
reads. Overall in these experiments, this assumption was up-
held, as all BLASTX homologs found with short reads were
also found with long reads. Thus, in these in silico analyses,
short reads did not discover gene homologs that were not
found using the originating long-read sequences.

Determining the connections between the composition
(structure) and physiology (function) of microbial communi-
ties is a central objective in synecological studies of microor-
ganisms. Currently, the application of high-throughput se-
quencing approaches to the characterization of genomic DNA
from autochthonous microorganisms provides the most-en-
compassing and least-biased means of approaching this objec-
tive (15). It is also true that, recognizing the complexity of most
microbial communities, increasing levels of sequence informa-
tion obviously should lead to greater resolution and accuracy in
determining the phylogenetic diversity and functional capabil-
ities within a microbial community. Thus, it is not surprising
that the low cost and high sequence yield of new, short-read
sequencing-by-synthesis technologies make them appear to be
an attractive option for microbial metagenomic investigations.
However, sampling depth is not the only limitation to these
investigations, as effective characterization of microbial diver-
sity and function from metagenome data ultimately relies on
sequence homology to genes of known or putative function and
taxonomic origin. In total, these data simulation experiments
decisively show that, in comparison to established Sanger se-
quencing technology, short reads have a significantly reduced
ability to detect genetic homology to known proteins using
BLAST.

This effect was most notable for metagenome sequence data
from natural viral communities. Across the few Sanger-read
viral community metagenome shotgun sequence libraries re-
ported to date (2-5, 11), the translated BLAST hit rate against
the GenBank nr database has been around 35%. This homolog
frequency is similar to that commonly reported for whole-
phage genomes and is a reflection of the relatively poor rep-
resentation of phage genetic diversity within databases of
known proteins (19). In contrast, the BLAST homolog fre-
quencies for short-read libraries of virioplankton from four
marine provinces were between 1 and ~11% against known
sequences (1). Derived-short-read data simulation experi-
ments from the Chesapeake Bay virioplankton metagenome
library found similarly low levels of translated BLAST ho-
molog detection. Thus, regardless of the environment sampled,
the frequency of homolog detection using translated BLAST
analysis will be low for short-read sequences from viral com-
munities.

An obvious counterargument to the reduced ability of short
reads to find homologous known proteins is the larger total
amount of sequence data obtained from a single run of 454
pyrosequencing (ca. 30 to 40 Mbp). Thus, greater overall se-
quencing depth should compensate for the lower homolog
detection frequency and ultimately result in a more complete
and comprehensive characterization of the microbial commu-
nity. Two aspects of the results of these data simulation exper-
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iments do not support this assumption. First, in the subset of
cases where derived short reads had BLAST homologs, the
originating long read tended to have a high-quality (low E-
score) BLAST hit. Short reads derived from long reads with
more-distant BLAST homology (high E-score) typically did
not find a BLAST homolog, as evidenced by the higher median
E-score of long reads without a matching BLAST-positive
short read. This trend occurred across all levels of short-read
sampling. Thus, short reads tend to detect only well-known or
conserved proteins that are easily detected with longer reads at
a higher overall confidence. Second, the analysis of derived
short reads according to COG functional category showed that,
for frequent COGs, even high levels of short-read sampling did
not detect all of the homologs detected with long reads. This
same trend also held for many of the less-frequent COGs
detected within the long-read data sets. In no case did a short
read detect a COG or BLAST homolog that was not detected
by the originating long read. A recent report characterizing
prokaryote assemblages within two AMD environments from
short-read metagenome sequences confirms the poor ability of
short reads to describe the functional characteristics of a mi-
crobial community (10). In the case of the library for the “Red”
AMD environment, no protein homologs were detected for 9
of the 21 functional groups examined. In contrast, a long-read
library from another AMD environment (26) detected all but
three functional groups. While it is possible that the “Red”
environment contained such a high density of novel genes that
no homologs to a critical functional group such as “nucleosides
and nucleotides” were detected, the more-parsimonious expla-
nation is that the short reads did not provide sufficient sensi-
tivity to detect known protein homologs by translated BLAST
analysis.

Overall, the performance of the simulated short-read data
was similar to reported 454 pyrosequencing metagenome data
from other environments with regard to both BLAST homolog
frequency and COG discovery. The only report comparing 454
and Sanger metagenome sequence libraries obtained from the
same sample (cecal contents of mice) found notable differ-
ences in COG detection frequency between short and long
reads and a substantially lower assignment of short reads to
homologs within the nr or COG database (25). In addition, this
experiment showed even, lower short-read BLAST homolog
and COG detection ability than was predicted from our data.
The collection of short-read data simulation experiments re-
ported here represents unachievable levels of short-read se-
quencing accuracy, as no attempt was made to replicate the
error rate or homopolymer failure rate of 454 sequencing. In
reality, the individual-read insertion-deletion error rates of 454
sequences (ca. 1.7%) are significantly higher than that known
for Sanger sequencing (17). Because accurate assembly of met-
agenome sequence data from a diverse microbial community
can be difficult, most studies have relied on BLAST analysis of
single reads for the functional and taxonomic characterization
of microbial diversity. In the case of 454 pyrosequencing, such
a high insertion-deletion error rate would produce frame shifts
within the translations used for BLASTX analysis and further
lessen the sensitivity and accuracy of short reads for the char-
acterization of microbial diversity.

Besides the assumption that higher sequence yields will re-
turn more information despite the lower hit frequency, the
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dramatically lower per-bp cost, elimination of clone library
construction, and speed of 454 pyrosequencing are often cited
as a justification for the use of this technology in metagenom-
ics. To test whether the lower per-bp cost actually leads to a
lower overall cost of information, we determined the amount
of Sanger sequencing reads necessary to match the overall
amount of informative viral metagenome sequence data in the
short-read virioplankton libraries reported by Angly et al. (1).
Assuming an average read length of 750 bp at a cost of $1.25
per lane (template preparation and sequencing) plus $1,500 for
clone library construction, the Sanger libraries would have cost
ca. $7,100, $5,500, and $3,400 for the Gulf of Mexico, coastal
British Columbia, and Sargasso libraries, respectively. Each of
these cost estimates is comparable to or below the cost of a
single 454 pyrosequencing run (ca. $9,000). Only in the case of
the Arctic library, which comprised two 454 runs, would the
cost of a Sanger library have been substantially higher
(~$18,000 versus $38,500). This was largely due to the higher
number of prophage-like sequences within the Arctic library
and the fact that these virioplankton assemblages were esti-
mated to contain a relatively low number of viral genotypes
(532 genotypes; ~30 to ~200 times fewer) in comparison to
the numbers in the other three environments (1). While this
per-lane cost estimate is lower than that of commercial se-
quencing services, it is ~40% higher than the per-lane charges
of nonprofit sequencing centers, such as the Joint Technology
Center of the J. Craig Venter Institute.

Several studies utilizing 454 pyrosequencing have posited
the elimination of cloning bias as an important advantage of
this technology for metagenomic analysis of microbial commu-
nities (1, 10, 25). However, no studies have empirically deter-
mined the level of analytical bias attributable to the cloning
step required for Sanger sequencing of a microbial metage-
nome. The closest approximation of such an experiment was a
comparison of Sanger and 454 technologies for whole-genome
sequencing of six marine bacterial strains (13). In that study,
the G+C content and size of each bacterial genome were
similar to those commonly seen within oceanic bacterioplank-
ton communities. With 6- to 10-fold coverage, the physical
gaps from shotgun cloning and Sanger sequencing comprised
between 0 and 5.7% (mean, 1.4%) of the genomes. By com-
parison, the gaps from 454-only sequencing at 12- to 36-fold
coverage comprised between 0.2 and 23% (mean, 12%) of the
genomes. In all cases, 454-only sequencing missed a signifi-
cantly larger proportion of the genome. The most egregious
example was the Erythrobacter litoralis (HTCC 2594) genome,
where >243 kb was missing from the 454 genome data com-
pared to 632 bp for Sanger sequencing.

A recent analysis of cloning-bias data from 79 bacterial
whole-genome sequencing projects revealed that the overall
number of “unclonable” genes was small (0.6%). Biases in
cloning efficiency across the genome projects were found to be
largely gene dependent and related to both the expression level
and copy number of the insert DNA (23). The influence of
these factors on clonability can be minimized through the use
of low-copy-number, transcription-terminated plasmid cloning
vectors (e.g., PSMART; Lucigen Corp. [20]). In the case of the
Chesapeake Bay virioplankton metagenome library, a tran-
scription-terminated vector was used to allow for the cloning of
potentially toxic bacteriophage genes (2). While cloning biases
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are well known from whole-genome investigations and a num-
ber of technical approaches have been devised to overcome
them, it is clear that the cloning-independent nature of 454
pyrosequencing is probably not a panacean rationale for the
use of this technology in metagenomics. On the contrary, li-
brary construction can be viewed as a significant advantage of
Sanger sequencing approaches, as metagenome clone libraries
can be an important resource for subsequent investigations of
gene function or diversity.

The overwhelming recommendation provided by these
short-read data simulation experiments is that longer-read
Sanger sequencing is superior to short reads for the character-
ization of the functional and taxonomic composition of viral
and prokaryotic communities. Indeed, the best methodological
approach to this objective remains paired-end Sanger sequenc-
ing of small-insert (2 to 3 kb) clone libraries. Longer, high-
quality, paired-end reads allow for more-accurate open read-
ing frame detection and significantly greater sensitivity in the
detection of sequence homology by BLAST. Nevertheless,
short-read sequencing technologies do have significant utility
for gap-closure in whole-genome sequencing projects (13) and
for rapid sequencing of large inserts within bacterial artificial
chromosome and fosmid vectors (28). In these cases, the lack
of a cloning step and significant time savings of short-read
sequencing technologies offer a significant advantage over
Sanger sequencing.
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